Professor Geoffrey beale was one of the UK's leading protozoan geneticists with an international reputation. His enthusiasm for the use of genetic analysis to address fundamental questions in the biology of both free-living and parasitic protozoa was based on the influence of a series of leading geneticists whom he worked with in the early part of his career in the John Innes Horticultural Institute and Cold Spring Harbor. His research started with plants and Escherichia coli. later he moved his research to Paramecium, under the mentorship of tracy Sonneborn (forMemrS 1964). His work on the surface antigens of Paramecium was published in the early 1950s, at a time when there was much debate about the role of nuclear genes and elements in the cytoplasm in determining phenotype. this was a period when the nature of the genetic material was uncertain and many scientists believed that genes were proteins. two of his papers published at that time provided a synthesis that explained how environmental signals and the cytoplasmic state determined whether a gene was expressed (1, 2)*. these findings provided one of the first cases of the regulation of gene expression at a conceptual level and provided a bridge between those promoting cytoplasmic inheritance and those fixed on nuclear genes as the sole determinants of phenotype. In the period from 1966, he also initiated research on extranuclear (mitochondrial) genetics and on the genetics of rodent and human malaria parasites, leading to several fundamental and important findings. this was a very productive period and included the establishment of links with a malaria research group in thailand directed by Dr Sodsri thaithong, leading to studies on the genetic basis of malaria drug resistance and studies on strain variation in Plasmodium falciparum. In the latter part of his career and into retirement, he took a more advisory role in his research group but his enthusiasm and interest stimulated those around him enormously.
The eaRly yeaRS
Geoffrey beale was born in Wandsworth, london, on 11 June 1913, the son of Herbert Walter beale and elsie beale (née beaton). His family included an elder brother (Hugh) and two younger sisters (Margaret and Joan). When he was about five years old the family moved to Wallington, Surrey, where he spent the rest of his childhood as well as staying there during his university undergraduate and postgraduate studies. His family provided a stable middle-class environment. His father was a commercial traveller selling shirts and pyjamas; his mother was somewhat better off financially, having received a small inheritance and a semi-detached house from her family. However, the money was lost during the stock market crash in the 1920s. He attended Sutton County School, Surrey, for eight years beginning in 1923 until he obtained his higher school certificates in mathematics, physics and chemistry in 1931. He was made acutely aware of the proper way to behave by his parents and noted that accent and schooling were considered to be all-important, although this never seemed an issue for him later on in his life and, in fact, he totally abhorred such class-based considerations. His main interest at that time was music. It is not clear whether he had formal piano lessons or whether he was taught informally by his mother, who was a good singer. around this time he briefly considered the possibility that he might make music his career and he became an accomplished pianist with an interest and love of music that continued throughout his life.
However, he was also fascinated by the idea of having a career in biological research. No one that he knew had ever done this. there were no biological sciences taught at the county school and no one in his family had ever been to university. Most of his knowledge about biological sciences was obtained by reading. for example, he recalls that he was particularly stimulated by a book that he borrowed from a friend, The science of life by H. G. Wells, G. P. Wells (frS 1955) and J. (later Sir Julian) Huxley (frS 1938), and was probably further stimulated by reading Animal biology by J. b. S. Haldane (frS 1932) and J. Huxley, which he won as a school prize in 1931. So when he had completed his exams at the county school, he resolved to go to university and take up biological research as a career, despite much parental advice about the advantages of working in a bank or becoming a tax inspector.
imPeRial College at the age of 18 years he resolved to become an investigator in the biological sciences, applied to Imperial College, london, and was accepted. as a result he began to search for funds to support his undergraduate studies and applied for a County Scholarship; however, he was turned down because his exam marks were not good enough. Nevertheless, after considerable arguments on his part, he was able to get a loan from Surrey County Council to support his attendance at Imperial College. He also took formal lessons on the organ, but despite not passing his organ exam he was still able to get a job as organist at Cheam Presbyterian Church in 1931 to provide much-needed funds. this source of income, together with the loan from the council and money he received from other small jobs, enabled him to finance his studies at the university. to reduce costs, he lived at home and cycled from Wallington to Imperial College in South Kensington, a round trip of 20 miles each day. although he originally registered for zoology, he switched to botany because he found the teachers in the latter more stimulating. He found the whole examination process challenging but after four years he received a bSc from Imperial College with first-class honours in botany in 1935 John inneS hoRTiCulTuRal inSTiTuTe on the basis of what he had heard in the summer plant genetics course, he applied to the John Innes Institute as a volunteer but was soon offered a job by its temporary head, J. b. S. Haldane. this was a great opportunity, because the John Innes was one of only two places in the UK for research in genetics, and some of the leading geneticists of the time were members of staff. the job enabled him to receive a stipend as well as work on a PhD degree, initially under Haldane's supervision. there he met rose Scott-Moncrieff, a. C. fabergé and others. He continued to live at home and, by economizing, was able to pay off his loan for support during his undergraduate education. He describes the environment at the institute as being very relaxed but at the same time intellectually rigorous and very critical. He seems to have been given limited direction, being assigned to a set of plants left by a previous worker; he writes in his unpublished autobiographical memoirs, 'It wasn't clear to me what I was supposed to do, but I didn't like to ask.' In 1937 Haldane left, and beale was nominally supervised by Darlington. He received the PhD in 1938 for his thesis 'the genetics of Verbena'. With Verbena he demonstrated simple Mendelism and some exceptions that he was able to explain with conventional theories (3). although he was satisfied with his work on Verbena, he was frustrated by the length of its life cycle of a year; it made progress very slow because backcrosses and f 2 hybrids were needed for genetic analysis. In fact he initiated work on Neurospora because he felt that the future of genetics lay in microorganisms, in which genetic analysis could be undertaken rapidly.
from 1935 to 1940 he worked on different projects that were being investigated in the institute. these included the chemistry of flower colour variation being studied by ScottMoncrieff, and work on Oenothera, Portulaca and several other plant species. although he was a co-author of various papers on these species (for example (4, 5) ), he never felt comfortable with choosing any of them for future work because of their long life cycles. During this time he met and became friends with Dan lewis (frS 1955), K. Mather (frS 1949), Mick Callan (frS 1963) and a. C. fabergé (the grandson of the russian court jeweller), and through the latter he became interested in russian culture as well as starting to learn russian. In his five years at the John Innes he became proficient in classical genetics, including topics such as tetrad analysis, linkage and other approaches. He published several papers, most co-authored, during his stay there. although all the staff at the institute had been registered as being in 'reserved occupations', he was nevertheless called up to the army in 1941, thus prematurely concluding his work at the institute.
miliTaRy SeRviCe
England the war started in September 1939, when the ribbentrop-Molotov Pact was signed and Germany and russia began carving up europe into their own spheres of influence. the German army swept through europe and quickly showed that it had military superiority over the allies, leading to the evacuation of the british expeditionary force from Dunkirk. Geoffrey was called up in January 1941 to undertake military training; he describes in his memoirs how he was assigned to guard the bridge over the river thames at Kingston before being trained to use his rifle! Shortly after this he was told that his knowledge of languages was useless but was drafted into the Intelligence Corps (field Security) at the rank of Corporal. In June 1941 the pact was broken by Germany, which attacked russia along much of the border between the two countries, causing russia to shift its sympathies from Germany to the Western allies.
Archangel
Probably as a result of a mistake by an army examiner who graded beale's russian as excellent, he joined the army base Unit and was sent to russia in a convoy in october 1941, arriving in archangel in November 1941. When his convoy left for archangel, the German forces had not yet begun intercepting convoys of armaments and other supplies from the UK to northern russia. they did soon afterwards. His convoy was therefore one of the first to leave for russia and arrive without being attacked by submarines and planes and so, by the narrowest of margins, they had a peaceful trip. british troops and equipment were being sent to russia to aid in the war against Germany, and beale was instructed to facilitate the unloading of ships, seeing to it that their contents were speeded on their way to the interior for the russian and allied forces and liaising with the russian authorities to ensure this happened. the bombing of archangel was not severe when he arrived there, but soon it became much more intense.
Murmansk
beale was transferred from archangel to Murmansk in May 1942; the bombings there were just about to reach their peak in June 1942. at this time the German forces mounted a major effort to stop the influx of materials destined for the russians. bombing was reducing the wooden houses of Murmansk to ashes, and beale himself was in considerable personal danger. Personnel often had to do extra duties because of the situation, and beale tells of a time when he volunteered to help in a hospital run by the russians, where he experienced the worst of the war while trying to help with casualties as they arrived in the hospital. During this period he was promoted to the rank of Captain (commissioned in July 1942). by the time he was sent home in october 1943 the worst of the fighting in northern russia was over.
London after returning, he was seconded to the War office in london, where he worked for three months. His account of this period states that his task was to provide a daily map of the russian front for Churchill but the reports from the russian front were so confusing that this was impossible. In his typically pragmatic way, he recounts purchasing The Times each day, which had a perfectly acceptable map of the front drawn up by their war correspondent, and this allowed him to provide a map for Churchill's office.
Helsinki
beale was posted to finland as part of the allied Control Commission, which was overseeing the armistice between the russians and the finns. by 1944 the tide of the war was beginning to turn with the lifting of the siege of leningrad in January 1944. Geoffrey left britain and arrived in Helsinki in october 1944, where he had an important role in the negotiations, particularly given his knowledge of russian. the russian delegation was high powered and was led by General andrei Zhdanov, who was number three to Stalin and Molotov in the USSr. Geoffrey spent very long days negotiating and inspecting facilities interspersed by parties hosted by russian, british and finnish diplomatic personnel. He was not at all enthusiastic about these parties, which tended to involve some very heavy drinking and lavish food at a time when it was scarce. Instead he preferred to spend his leisure time skiing or swimming as well as going to occasional concerts, the ballet and art galleries. the war ended in europe on Ve Day, 8 May 1945, and in Japan on VJ Day, 15 august 1945, although beale remained in the army to complete the work of the Commission in Helsinki until July 1946, when he was finally sent home and demobbed.
He describes (in his unpublished autobiographical notes), in his own laconic way, that his main achievement during the war was to learn russian. However, the facts would suggest that his contribution was significant because he rose to the rank of Captain and, in 1947, was awarded an Mbe for his military service. He always underplayed this award, suggesting that he received it for just being there, and in a letter to Dan lewis he commented, 'Doubtless thousands of others have been awarded an Mbe too, but still it's better than nothing, like a PhD. ' woRk on viRuSeS and BaCTeRia although technically his job at the John Innes was still available to him, he decided that he wanted to move on and began looking for a job in both britain and the USa. He quickly found one at Cold Spring Harbor (CSH). after two weeks at sea in an old liberty boat, he arrived at New york Harbor on Christmas day, 1946. He joined Milislav Demerec's laboratory to work on the rate of mutation of Escherichia coli from phage sensitivity to resistance (6). He was excited by working with an organism with such a fast replication rate that allowed many experiments to be done rapidly. at this time many leading geneticists visited during the summer or attended the regular symposia, and so he was able to meet Salvador luria, Joshua lederberg (forMemrS 1979), Max Delbrück (forMemrS 1967), tracy Sonneborn and others at a time when these scientists were laying the groundwork for microbial genetics. He was also friendly with barbara McClintock (forMemrS 1989), who worked at CSH, and it is possible that his discussions with her aroused his interest in cytoplasmic inheritance. this was an intellectually stimulating place to be, although he became somewhat disenchanted with his own work with Demerec on E. coli.
Paramecium
While at Cold Spring Harbor he decided to go to bloomington, Indiana, to work with tracy Sonneborn for nine months; there he learned about the protozoan Paramecium, which subsequently became one of his major research interests. In 1947, while at Cold Spring Harbor, he obtained a rockefeller fellowship which required that he return to the UK at the end of his stay. His return was made possible by Conrad Waddington frS, who offered him a lectureship at the Institute of animal Genetics in edinburgh. Geoffrey had a fruitful stay in bloomington, Indiana, and published several significant papers on Paramecium on the basis of work he did there (1, 7). When he moved to edinburgh in 1948, he continued his research on Paramecium leading to his subsequent promotion to Senior lecturer (1954) and then reader (1959) before being appointed as a royal Society research Professor in 1963, a position that he held until his retirement in 1978. He settled in edinburgh and remained there for the rest of his career.
after his appointment as a royal Society research Professor, with funding from edinburgh University and the Wellcome trust, he was able to design and build dedicated research laboratories. the Protozoan Genetics building was constructed for his group. as a result, he developed a research group devoted to protozoan genetics. the group worked not only on the genetics of Paramecium but also on protozoan parasites, and the range of topics that he investigated is described in the following sections. over the ensuing years the group expanded and had an international flavour: many visiting scientists from the USa, Germany, Italy, Poland, the USSr, thailand, Nigeria and the Gambia spent short and longer periods undertaking a wide range of research projects. beale also travelled extensively during this period to attend meetings and to spend longer periods undertaking research projects, establishing the international reputation of his group. He had a remarkable talent for languages and would always try to learn the language of the country he was visiting, so that (to our knowledge) he spoke at least six languages including thai and russian.
Serotype switching in Paramecium
In Sonneborn's laboratory, research was being undertaken to discover the basis of variation in the immobilization antigens (Sonneborn 1943a ) present on the surface of Paramecium. beale soon decided to start work on this system. In each homozygous stock or strain, such as stock 51 of P. tetraurelia, one of about a dozen mutually exclusive antigenic proteins is expressed. the antigens are mutually exclusive because no more than one is expressed at a time. thus, a culture of Paramecium might be known as stock 51, serotype D or simply 51D. If 51D is injected into rabbits, the antiserum produced is specific for the 51D surface protein. It has been found that antibodies specific for 51D induce antigen 51b, if exposed paramecia are allowed to multiply at 25 °C (7). In studying the mechanism by which serotypes were able to switch, he found that the concentration of an immobilization antigen in the surface of the cell can be measured by the strength of the immobilization reaction. In his switching experiments he could therefore measure the decrease in old antigen while the new one gradually appeared and rose in concentration. this work, although essentially descriptive, allowed the kinetics of switching from one antigenic type to the next to be analysed and, importantly, showed that growth was required to effect the switch (7) .
Effect of the cytoplasm on serotypes in P. primaurelia on his return to the UK, beale initiated research on the immobilization antigens of P. primaurelia to elucidate the relations between the genes and environment. He analysed specifically the f 1 generation of the cross of two stocks, 90G and 60D. He obtained 90G by growing cells of stock 90 at 25 °C and cells of 60D by growing cells of stock 60 at 29 °C. He found that it made no difference at what temperature the newly formed f 1 lines were cultured for the first few fissions, because he was interested only in the phenotypes of the cells after sufficient fissions to allow the new alleles to be expressed in the cytoplasm. In the cytoplasm of the originally serotype G f 1 exconjugant, both 60G and 90G were expressed in spite of the fact that the micronucleus of 90G was derived from the 90D cytoplasm. the same was true in the other exconjugant containing serotype D cytoplasm. this showed the essential role of the cytoplasm in P. primaurelia and led to one of the first models of the regulation of gene expression by the environment (2). these findings need to be considered in the context of knowledge at that time. the nature of the gene was unclear and a number of phenotypes were considered to be determined by plasmagenes with unconventional modes of inheritance. the genetic analysis undertaken by beale allowed him to develop hypotheses that began to explain the phenomenon of antigenic variation as the product of the interaction between the gene, the cytoplasm and the environment and to move away from the concept of plasmagenes. In 1954 he published a monograph entitled 'the genetics of Paramecium aurelia' (8) reviewing the research on killer particles, immobilization antigens and mating types together with a general introduction promoting the value of genetic analysis and the utility of Paramecium as an experimental system. In the discussion of the determinants of antigenic variation he argued against the role of plasmagenes and postulated that the 'cytoplasmic state' determines which antigen is expressed and that this 'state can be modulated by the environment'. However, he concluded that 'no satisfactory theory accounting for the antigen system can be put forward' but also suggested that 'the problems revealed are general biological problems not limited to the mechanism of antigen determination in P. aurelia'. Some seven years later, in a review with Wilkinson (12), he reached a similar conclusion, stating in stronger terms that 'the cytoplasmic changes do not involve any loss or gain of particulate determinants, but merely a switch from one steady state to another.' this work, followed in the subsequent 15 years with the characterization of the antigens and biochemical analysis of their synthesis, essentially provided one of the first examples of the regulation of gene expression by environmental conditions.
More serotypes and general biology of Paramecium
Having focused on the genetics of surface antigens during his period in the USa and initially on his return to the UK, beale began expanding his work on Paramecium to include a wide range of topics in biology. His studies developed to include the cellular location of the i-antigens and their synthesis (9, 10, 14) . the work on the general biology of Paramecium included taxonomic studies (tait 1970a), studies of populations in nature (11, 22) , electron microscope work on the structure of the macronucleus (15) and the cortex, and a range of other topics.
Symbionts and 'metagons' in Paramecium research in Sonneborn's laboratory in the 1940s and 1950s had identified a series of stocks that produced a substance or particle capable of killing other sensitive stocks (Sonneborn 1939; Preer 1948; levine 1953) . Genetic analysis had shown that killing was cytoplasmically inherited, although the maintenance of the killer trait was dependent on alleles at a single locus (Sonneborn 1943b (Sonneborn , 1946 . extensive work by Preer and others showed that the killing was mediated by particles (called kappa in P. tetraurelia), present in the cytoplasm of killer stocks, and that these particles contained DNa (Preer 1950) . the large body of work on these killer particles was reviewed by beale in his book (8), in which he concluded that either (i) kappa is essentially a foreign organism parasitic on paramecia or (ii) kappa is part of the hereditary apparatus of the paramecia, being a plasmagene or an integral part of Paramecium itself. after the writing of his book, he began to develop work on these particles (later identified as bacterial symbionts) of Paramecium, collaborating with John Preer on much of the work, finding new symbionts and investigating the structure of many of those that were already known (17, 19) .
He started research on one class of particles, the mate killers that contained the symbiont (mu), so called because it was only during mating that they killed sensitive strains. Initial genetic analysis (13) showed that the maintenance of the cytoplasmic particles mediating the killer phenotype was determined by dominant alleles at two loci; the recessive alleles at these loci lead to the loss of the particles and the killer phenotype. In studying these mate killers, beale and his student Ian Gibson found a curious phenomenon. When in a cross of stock 540 mate killer with stock 513 sensitive, in which an exconjugant became homozygous for the non-supporting alleles carried by the f 2 from this cross, the symbiont and the mate-killing phenotype took a very long time to disappear. the kinetics of the loss followed that expected of a product of the dominant allele necessary for the maintenance of mate killing that was being diluted out. they postulated that this was a particle produced by the dominant allele, which they dubbed the 'metagon'. the metagon was necessary for the maintenance of the killer particles and the expression of the dominant allele, but it did not reproduce fast enough to maintain itself in their experiments. thus was born the metagon hypothesis (16) . this was evidence for the existence of a plasmagene, although the exact physical nature of the metagon was unknown. this hypothesis was further supported by experiments of Gibson in Sonneborn's laboratory, where he found that metagons were responsible for the maintenance of kappa symbionts in the protozoan Didinium nasutum, as well as mate killing in Paramecium. this work was published jointly with Sonneborn ). these findings generated considerable scientific interest because they provided support for the concept that phenotype could be determined by non-nuclear genetic elements. Subsequently, a careful reinvestigation of the experiments that led to the hypothesis was performed by beale and McPhail, with the conclusion that the original data could not be confirmed (18) . the same conclusion was reached by barbara byrne in Sonneborn's laboratory (byrne 1969). thus, the basic observations on which the metagon theory was based were not repeatable, and the metagon hypothesis was reluctantly declared defunct by beale himself.
Mitochondria in Paramecium
the work on symbionts as extranuclear genetic elements led beale to the study of the genetic determinants of mitochondria. after the identification of DNa in mitochondria that was distinct from that in the nucleus (Nass & Nass 1963), a lot of interest was generated in determining the nature and function of the genes in this organelle. beale considered that Paramecium was an ideal system for trying to analyse the genetic determinants of mitochondria. research on this was initiated by one of beale's PhD students (andy tait), who determined the genetic basis of natural electrophoretic variants of mitochondrial enzymes that were shown to be determined by nuclear genes (tait 1968, 1970b) . Separately, beale initiated a different approach by selecting for mutants and natural variants that were resistant to a series of antibiotics such as erythromycin. exposure of cells to erythromycin for long durations makes it possible to isolate cells in which the sensitive mitochondria have all been replaced with resistant ones. Crosses between antibiotic-resistant and antibiotic-sensitive strains showed that the resistance was determined by cytoplasmic genetic elements (20) . to demonstrate formally that the genetic determinants were mitochondria, beale developed a technique for micro-injection of cytoplasm or purified mitochondria with a PhD student (Jonathan Knowles). Using this technique, they were able to demonstrate that micro-injection of cytoplasm (and subsequently mitochondria) from erythromycin-resistant cells into sensitive recipients conferred the resistant phenotype (23) . further work extended these studies by using lines resistant to other antibiotics and the biochemical characterization of the lines (24). at the time, the studies represented a significant advance in our understanding of the genetics of mitochondria and provided a sound basis for the role of extranuclear elements in determining cell phenotype. the status of the whole field was summarized by beale in 1978 with the publication of Extranuclear genetics (co-authored with Knowles) (26). Subsequently, with the advent of gene sequencing and the molecular era, such approaches were overtaken through the complete genome sequencing of mitochondrial genomes from several organisms and by the definition of gene content.
malaRia and Thailand

Genetics of rodent malaria parasites
It is not totally clear what developed beale's interest in malaria genetics, although this may have come from his being invited to a couple of parasitology meetings in the mid 1960s at which the question of genetic exchange in protozoan parasites was raised. He was stimulated to initiate research in this area by discussions with C. Garnham (frS 1964), who advised him to work on rodent malaria because the complete life cycle could be undertaken in the laboratory. at this time it was well known that gametes were produced and that they fused in the gut of the mosquito vector, ultimately yielding sporozoites in the salivary gland; thus the evidence for mating was solely morphological. there was no direct evidence for genetic exchange because no genetic studies on parasites had been undertaken, and even the ploidy was unknown. Undaunted by a lack of parasitological background and no preliminary data, he submitted a grant application to the Medical research Council (MrC) to study the genetics of Plasmodium berghei, and this was duly awarded, in 1966. He had the foresight to recruit David Walliker (a recently graduated PhD student of Garnham's) to provide the expertise in malaria. Neither of them probably realized the mammoth task they had taken on: establishing a mosquito colony, building an insectary, collecting parasite strains, establishing rodent facilities for african tree rats (Grammomys surdaster and Thamnomys rutilans) and identifying parasite genetic markers, to name but a few of the tasks. this research became his main focus after 1976, with Walliker leading the malaria group but with significant inputs from beale throughout. the major tasks were achieved: parasite strains in tree rats were imported from the Central african republic through contacts with french colleagues, a breeding colony of T. rutilans was established and a colony of the mosquito vector was set up. What remained was to establish genetic markers, and these were developed by a PhD student (richard Carter) adapting and developing isoenzyme electrophoretic approaches (Carter 1970) , which had been established previously with Paramecium in beale's laboratory. as a result of the efforts of Carter and Walliker and further funding from the MrC, the first crosses were undertaken in 1971 (Walliker et al. 1971 ) and established the foundations of genetic analysis in malaria parasites. Interestingly, beale largely let others in his laboratory drive these projects, while he acted as a source of critical advice and comment. beale used many of the results generated in his laboratory on protozoan genetics and diversity as the subject matter when he was invited to give the royal Society leeuwenhoek lecture in 1976 (25) . Work over the next 20 years covered the genetic analysis of drug resistance (28), virulence, and the classification of the rodent malarias into species and subspecies. Much of this work has been summarized in (27) and (31) .
Human malaria parasites
the success with the development of genetic markers for detecting diversity and the genetic analysis of rodent malaria led to a discussion of whether this work could and should be extended to the human malaria parasite Plasmapodium falciparum. although beale had some initial reservations about this, Carter, his PhD student, was enthusiastic and initiated collaborations with colleagues at liverpool. However, in 1972, beale visited the MrC laboratories in the Gambia to discuss the possibilities with the Director, Dr Ian McGregor, and returned with a collection of Plasmodium isolates that Carter analysed by isoenzyme electrophoresis. this research identified isoenzyme polymorphisms between strains and showed that patients were infected with more than one genotype (Carter & McGregor 1970) . these results lead to the setting up of the then recently developed Plasmodium culture system, the development of parasite cloning (rosario 1981) and links with several endemic-region scientists to extend the analysis of parasite diversity and population analysis (29, 30) . although much of this work used isoenzymes as markers for diversity, beale felt that further marker systems were required to capture the levels of diversity fully and provide better resolution between strains. to address this issue, a two-dimensional protein gel electrophoresis analysis of P. falciparum was developed (tait 1981; fenton ) that allowed the identification of many more polymorphic markers. the initial work on rodent malaria genetics and the subsequent work on P. falciparum diversity laid the foundations for the genetic analysis of P. falciparum pioneered by Carter, Walliker and Wellems working at the National Institutes of Health laboratories in bethesda, Maryland (Walliker et al. 1987 ) and subsequently leading to the genetic mapping of important traits such as drug resistance (Peterson et al. 1990 ).
Malaria research in Thailand
In 1976 he was awarded a six-month royal Society Visiting Professorship to Chulalongkorn University in bangkok and used this to establish a collaborative research programme on malaria with Professor Sodsri thaithong. He helped to set up a malaria research laboratory at the university to undertake the analysis of diversity in P. falciparum with the use of isolates from the region; this laboratory was designated as a World Health organization Collaborating Centre with more than 1000 isolates of the parasite. this collaboration continued for more than 20 years and linked the edinburgh and bangkok laboratories with a research focus on drug resistance and strain diversity. the work resulted in many fundamental findings on the diversity and population genetics of Plasmodium. two outcomes of particular importance were the identification of multiple parasite genotypes infecting a single patient and the identification of a novel mechanism of drug resistance. the studies on diversity depended on the use of the various techniques (isoenzyme electrophoresis, two-dimensional protein electrophoresis, and antigen diversity detected with monoclonal antibodies) that were developed in his edinburgh laboratory but transferred to the bangkok laboratory. to undertake this analysis he developed a new method for cloning malaria parasites by micromanipulation (33) so that individual clones could be characterized. a particular focus of the work was on the analysis of drug sensitivity, because resistance to both pyrimethamine and chloroquine was rapidly emerging in thailand. Using in vitro culture methods, the diversity of response to these drugs was monitored in field isolates and the extent and level of drug resistance was determined (32). at the time, resistance to pyrimethamine was known to be determined by mutations in the dhfr gene, which encodes dihydrofolate reductase. the analysis by beale and co-workers of a series of resistant lines showed that this was not the only mechanism of resistance: they identified resistant lines in which the dhfr gene had been amplified (36) . Many of the results and conclusions of his research in thailand are summarized in a book by thaithong and beale published by Chulalongkorn University (34) .
In summary, this phase of his scientific career took on a completely unexplored area of research with an important human pathogen and laid the groundwork for many other scientists working on parasite diversity and genetics. this seminal work showed that genetic analysis could be undertaken, that the parasite was haploid, that resistance to chloroquine and pyrimethamine was genetically determined and that virulence had a genetic component. the research would not have been so successful without the major contributions of Carter and Walliker, as well as many others, but beale was responsible for the concepts and the initial vision, which he followed with enormous energy and dedication. beale was formally recognized for this work with an honorary DSc in 1996 from Chulalongkorn University. It was presented personally to beale by HM King bhumibol. Geoffrey was one of the first foreigners to be so honoured (figure 1).
Family, FRiendS and oTheR inTeReSTS although he was dedicated to his research and science, working in the laboratory every day, he was also devoted to his family. In 1949 he married betty McCallum and, over the next 25 years, they brought up three children (andrew, Steven and Duncan). although betty and Geoffrey were divorced in 1969, they remained very good friends until her death. Part of the family routine was for his sons to go with him to the laboratory on Sundays, where the sons would learn about science and how to develop and print film while beale monitored his cultures and experiments. His enthusiasm for Paramecium is remembered by both colleagues and family; he would always take sample tubes with him whether on a family weekend away or attending a conference abroad and then be found sampling pond water with the aim of isolating further strains. He accumulated a very large collection from all over the world, and some of these strains formed the basis of his research. the opportunity to make these collections was facilitated by his being away from home for quite long periods attending conferences, giving lectures and undertaking projects in other laboratories, in particular maintaining his long-term association with colleagues in bloomington, Indiana, but also visiting russia, Japan, Italy, Germany, france, Poland and, with the development of his malaria projects, thailand. the invitations to these laboratories and the collaborations that were set up across the world reflected his international reputation.
He had a wide range of non-scientific interests encompassing music, ballet and theatre; he and betty were patrons of the edinburgh festival. He would often relax by playing the piano, and he encouraged his sons to take up music. In his later years, his hearing impairment was a source of great frustration because it meant he could no longer appreciate playing the piano or listening to music. He also developed an interest in progressive education and its principles which very much fitted in with his own views on life, and in fact he sent two of his sons to a progressive school. essentially he was a very cultured person with his interests in the arts, science and society, and education but he was, by contrast, also interested in sport (swimming and squash) and, in his sixties, sports cars.
During his working life in edinburgh, he established strong friendships with two colleagues, Charlotte (lotte) auerbach (frS 1957) and Henrik Kacser. these two people were not only his friends but also scientific colleagues whom he consulted for views and ideas on his own work because he respected their scientific judgement. He helped lotte in her latter years when her health began to deteriorate and, on the basis of her recollections, letters and publications, wrote an account of her and robson's famous and fundamental discovery of mustard gas as a mutagen (35). His respect for these two people played a role in shaping many of his scientific directions. He had collaborated with Kacser on some work on the surface antigens (9) but he also used to have extensive discussions on all aspects of his research and through this they became close friends. this extended to their social life, and their wives (betty and beatrice, respectively) also became firm friends. He was very interested in the arts, with a strong focus on music, and attended many concerts at the edinburgh festival as well as other events. He was always very hospitable: many of his students, colleagues and scientific visitors will remember visiting his family home in Middleby Street, where discussions of science were mixed with good food and piano music.
a further interest was in the impact of genetics on society in general. During the course of World War II and on a sabbatical lecture tour to the USSr, in the 1950s, he had made contact with several russian geneticists and with his knowledge of russian had a unique insight into what was going on. this was the period of t. D. lysenko, who believed that environmental adaptations were inherited. the Soviet authorities considered these views as being consistent with Marxist philosophy, and lysenko's ideas were applied to much of their agricultural policy for many years. beale opposed these lamarckian views adamantly and was appalled at both the weakness of lysenko's experimental evidence and the impact this had on genetics research throughout the USSr. this view was reflected in his review (in Science Journal) of Zh. a. Mevdevedev's book The rise and fall of T. D. Lysenko, which beale entitled 'the cult of lysenko-30 appalling years'. beale considered that the state or government should not directly interfere with the direction of research by combining political philosophy with scientific hypotheses. In a sense this principle conflicted with his stance on arthur r. Jensen's views about IQ and race, ostensibly backed by research evidence, and he wrote a letter, with lotte aurbach, to New Scientist (in 1969) criticizing Jensen's views. He also expanded this critique in a chapter he wrote in a book entitled The social impact of modern biology (21) as he considered that these views were essentially racist. thus, he had a significant interest in the impact of science on society, and strong liberal views on discrimination and the role of the state in science.
laTeR yeaRS
He continued working after retirement, going to the laboratory each day until 1998, often by bicycle or on foot from his home. He remained active in research during this period, travelling to thailand each year to undertake his work on malaria with his collaborators. He regularly attended seminars as well as travelling to Italy and the USa to follow his interest in ciliate protozoa and contributing to discussions and manuscript writing. the laboratory was a major part of his life alongside his family, his friends and his love of music.
after 1998 he spent much less time on research but began the preparations for a new book on Paramecium. the new book was aimed at extending and modernizing his previous book The genetics of Paramecium aurelia (8). It was not intended to be a sequel to the original but a new volume, showing the rationale for the many advances and new directions of research on Paramecium. as he proceeded, however, his activities became more and more affected by his age. realizing that he needed assistance, he accepted J. Preer's offer of help with the manuscript. It became clear that because of beale's problems with his declining health, major changes would have to be made in the manuscript, adding much new material. although these changes were made, as much of beale's original text as possible was used so as to maintain the original style of his work. this was a momentous time in Paramecium genetics that included the complete sequencing of the genome and major advances in our understanding of epigenetic phenomena. Much of the latter material was written by Preer. this final book was published in 2008, when Geoffrey was 95 years old (37) . We believe that beale would have been delighted to know of all these new developments had his health allowed him to do so.
beale had a distinguished career in science with an all-absorbing love of genetics, stimulated in the early part of his career by either working with or meeting many of the key figures who laid the foundations of modern genetics in the 1930s and 1940s. the work on the genetics of the surface antigens of Paramecium provided a conceptual breakthrough in our understanding of the role of the environment, the cytoplasm and the expression of genes, and he continued his interest in the role of cytoplasmic elements in heredity through studies on both the endosymbionts and mitochondria of Paramecium. He pioneered the genetic analysis of parasitic protozoa with his work on Plasmodium, and this stimulated many other scientists to take a genetic approach with these experimentally challenging organisms. a large number of postgraduate students will remember the training and inspiration that he provided, with many going on to establish very successful careers in research. He was always modest about his achievements and, in contrast to many research group leaders, was always very generous about authorship, often letting others take the lead even when the original concept for a piece of work was his own. He passed away peacefully in his sleep at the Chamberlain Nursing Home in edinburgh on 16 We are grateful to several people for helping us compile this memoir. We owe many thanks to Geoffrey beale's sons, andrew, Steven and Duncan, who provided comments on the manuscript and valuable information about friends and family. We would have had a very hard task if we had not had access to a considerable volume of autobiographical texts, kindly provided to us by Steven beale. We also thank bertie Preer for editing and comments, as well as richard Carter for providing further material on the malaria research.
the frontispiece photograph was taken by Walter bird and is reproduced with permission.
